A number of dopamine-related genes have been implicated in the etiology of violent behavior and conduct problems. Of these genes, the ones that code for the enzymes that influence the turnover of dopamine (DA) have received the most attention. In this study, we investigated 12 genetic polymorphisms in four genes involved with DA functioning (COMT, MAOA and MAOB, and DbH) in 179 incarcerated male Russian adolescents and two groups of matched controls: boys without criminal records referred to by their teachers as (a) ''troubled-behavior-free'' boys, n 5 182; and (b) ''troubled-behavior'' boys, n 5 60. The participants were classified as (1) being incarcerated or not, (2) having the DSM-IV diagnosis of conduct disorder (CD) or not, and (3) having committed violent or nonviolent crimes (for the incarcerated individuals only). The findings indicate that, although no single genetic variant in any of the four genes differentiated individuals in the investigated groups, various linear combinations (i.e., haplotypes) and nonlinear combinations (i.e., interactions between variants within and across genes) of genetic variants resulted in informative and robust classifications for two of the three groupings. These combinations of genetic variants differentiated individuals in incarceration vs. nonincarcerated and CD vs. no-CD groups; no informative combinations were established consistently for the grouping by crime within the incarcerated individuals. This study underscores the importance of considering multiple rather than single markers within candidate genes and their additive and interactive combinations, both with themselves and with nongenetic indicators, while attempting to understand the genetic background of such complex behaviors as serious conduct problems. Aggr. Behav. 36:158-176, 2010. 
INTRODUCTION
The etiology of the emergence, manifestation, and the life-long stability of violent behavior and serious conduct problems has always been central to psychology [Dodge, 2009; Robins, 1966] . This continuing interest is readily evident from a string of recent publications in leading psychological journals [Chronis et al., 2007; Harden et al., 2007; Susman et al., 2007] . Such attention is understandable and justifiable: conduct problems are the most prevalent source of clinical referrals in childhood and adolescence [Karnik et al., 2006; Kazdin, 1995] . They tend to be highly comorbid with many other developmental disorders [e.g., ADHD, learning disabilities, anxiety, and depression; for review, see Bushra, 2007; Nock et al., 2006] and are commonly related to an assortment of other problems [e.g., academic underachievement, substance abuse, and poor developmental outcomes; McGuinness, 2006] . Correspondingly, understanding the etiology of serious conduct problems is of great interest to researchers and practitioners who work with violent children.
GENETIC INFLUENCES ON CONDUCT DISORDER
The role of genes in violent behavior and serious conduct problems, however defined, has been, is, and, for the foreseeable future, will be a hot topic of discussion among representatives of various disciplines and professions [Botkin et al., 2002; Wasserman and Wachbroit, 2001] . Multiple descriptive [Carey, 1994; Carey and Gottesman, 2005; Gottesman and Goldsmith, 1994; Moffitt, 2005a,b; Plomin et al., 1990] and statistical [Mason and Frick, 1994; Miles and Carey, 1997; Rhee and Waldman, 2002; Walters, 1992] analyses of the literature exist. The most up-todate summative overview of the relevant heritability and familiality studies is presented in an all-inclusive report that includes definitions of the behavioral phenotypes of interest and a meta-analysis of serious conduct problems [Rhee and Waldman, 2002] . The phenotypes of interest in this analysis were defined chiefly as aggressive/aggression, antisocial behavior, conduct disorder (CD), criminality, delinquency, oppositional defiant disorder, and psychopathy. The analyses incorporated findings from 51 twin and adoption studies and included a careful analysis of a number of moderating variables (i.e., the conceptualization/operationalization of the trait, method of assessment, method of zygosity determination, age, and gender). The overall pattern of results suggested the presence of additive ($32%) and nonadditive ($9%) genetic influences, as well as shared ($16%) and nonshared ($43%) environmental influences; all influences on the behavioral outcomes were reportedly impacted by all moderating variables. It concluded that, perhaps not unexpectedly, both genetic and environmental influences matter in the etiology of antisocial behavior. Notwithstanding are both the challenges to the quantitative genetics paradigm and its fundamental assumptions, and the validity of differentiating genetic and environmental factors [Sternberg and Grigorenko, 1999] . Regardless of which particular paradigm is accepted for interpreting findings from studies into the etiology of aggressive behaviors and how the contributing etiological forces 1 are referred to, the challenge remains in identifying these specific risk influences and developing strategies that can counteract them. Arguably, there is much more known about nongenetic risk and protective factors [Bullis et al., 2004; Farrington, 2005; Hahn et al., 2005; Woolgar and Scott, 2005] than about the genetic ones. Yet, given that quantitative genetic analyses indicate that the contributions of genetic and nongenetic factors are approximately equally important for the etiology of conduct problems [Plomin and McGuffin, 2003] , continued attempts to identify, describe, and understand specific genetic influences are important.
DOPAMINERGIC CORRELATES OF CONDUCT DISORDER
Serious conduct problems are characterized by a disinhibition of the approach system, the system controlling approach and accelerating behavior in the presence of reward [Blum et al., 2000; Gray and McNaughton, 2003; Patrick et al., 2009] . Dopamine (DA) is a neurotransmitter that is critically involved in the approach system and reward-related behavior [Depue and Collins, 1999; van Gaalen et al., 2006] . Thus, it follows that if conduct problems are related to dysfunction in the approach system, then DA is likely to be involved. This hypothesis is consistent with recent findings connecting antisocial behaviors (e.g., drug abuse and addiction) with altered dopaminergic activity [Chambers et al., 2003; Solanto, 1998 ]. Moreover, a number of genetic polymorphisms in dopaminergic genes have been associated with serious conduct problems [for review, see Moffitt et al., 2008] . The accumulation of evidence in the literature has converged on the idea that the dopaminergic system is an important pathway to pathological aggression and conduct problems in childhood and adolescence [Chen et al., 2005] .
Dopaminergic signaling in the brain is regulated by many genes involved in the synthesis, transport, reception, and degradation of DA. The importance of the analyses of multiple genes, especially for complex overlapping phenotypes where genes from many pathways are considered, has been discussed in the literature [Comings et al., 2000a,b,c] , but not really systematically examined. Of the dozens of genes orchestrating dopaminergic signaling, our research focused on only a limited selection of four genes, the genes controlling the production of enzymes that participate in DA metabolism. This choice was driven by (1) the literature supporting the involvement of these specific genes in aggressive behavior and conduct problems (see below) and (2) the limited power of our sample. With regard to the former, although other dopaminergic genes, most notably, the DA receptor gene (DRD1-5) and the DA transporter gene (DAT or SLC6A3) might be also associated with aggressive behavior and conduct problems, if not directly, then perhaps through ADHD [Faraone and Khan, 2006; Li, 2006; Yang et al., 2007] and other comorbid conditions. The literature repeatedly reports associations between variation in the monoamine oxidase (MAO), catechol-O-methyl transferase (COMT), and dopamine beta-hydroxylase (DbH) genes and aggression and violence. Correspondingly, our priority was to focus on these direct associations first. With regard to the latter, the selection of the number of genes and the number of polymorphisms was driven by examples [Andrew et al., 2006; Coutinho et al., 2007; Huang et al., 2007; Li et al., 2008; Ni et al., 2009; Park et al., 2007] and recommendations in the literature [Moore, 2004] .
In brief, DA is broken down chiefly by COMT(encoded by the COMT gene) and monoamine oxidase (controlled by MAOA and MAOB genes), and metabolized to norepinephrine by a DbH precursor (encoded by the DbH gene). It has been assumed that the unbalanced presence of DA in various areas of the brain can result in a broad spectrum of outcomes, including cognitive, personality, and psychiatric deficiencies [Arnsten and Robbins, 2002; Depue and Collins, 1999] . There is a substantial body of literature connecting the variations in the COMT [Craddock et al., 2006; Thapar et al., 2005] , MAOA [Kim-Cohen et al., 2006] , MAOB , and DbH [Cubells and Zabetian, 2004] genes to psychopathology in general and conduct problems in particular. There is also reason to believe that risk variants in these genes can interact with each other, enhancing nonlinearly the likelihood of a negative outcome [Sjoberg et al., 2008; Talkowski et al., 2008] .
STUDY OBJECTIVES
The primary objective of this study was to explore associations between the four enzymatic genes involved with DA turnover (COMT, MAOA, MAOB, and DbH genes) and serious conduct problems. Although there is earlier literature relating these and other DA turnover genes to aggression, violence, and related conduct problems, this literature is inconsistent. One explanation for such inconsistency is that in the majority of studies genes were sampled through a single polymorphism. Here, unlike earlier studies, we sampled each gene multiple times by considering both multiple markers and haplotypes (i.e., combinations of markers within one gene). This approach is critical because the modern literature indicates the likely complexity of genome involvement in the formation of the genetic background for complex human traits, conditions, and behaviors. Criminal behavior and associated psychopathology appear to be examples of such complex traits, and thus are likely to involve multiple biological agents controlled by multiple genetic factors. These genetic factors, in turn, are likely to involve interactions between multiple molecules in multiple molecular pathways. Thus, this study considers multiple genetic polymorphisms within (and across) the investigated genes. It also investigates the hypothesized nonlinear accumulation of genetic risk for CD and criminality, assuming the presence of genetic interactions (i.e., gene-gene or epistasis, and allele-allele or dominance) between genetic risk variants co-occurring in one individual. Specifically, we used Multifactor Dimensionality Reduction (MDR) analyses to identify the combinations of multilocus genotypes associated with a particular group (i.e., criminal vs. control) and phenotypic (i.e., the diagnosis of CD) status. An additional objective of the study was to evaluate further criminality-related phenotypes by differentiating incarcerated individuals into groups by the types of crimes they committed (i.e., nonviolent vs. violent). We attempted to predict this differentiation by accounting for environmental risk factors (specifically, retrospective accounts of childhood maternal rejection) in addition to genetic risk factors among the incarcerated individuals.
To achieve the study objectives, we investigated the distribution of 12 genetic variants in these four DA turnover-related genes in samples of incarcerated male Russian adolescent delinquents and matched controls. We recruited participants from prison settings because, allegedly, antisocial, aggressive, violent, and confrontational behaviors that result both in serious violations of others' rights [McMahon and Frick, 2005] and imprisonment are the ultimate manifestations of serious conduct problems.
METHOD Participants
The offender group (n 5 179) was chosen from a larger sample used in earlier research [Ruchkin et al., 2002] based on the availability of genetic data [DeYoung et al., in press; Haeffel et al., 2008] . These participants (M 5 16.2 years, SD 5 0.8) were recruited over a period of 6 months from a group of male adolescent inmates who had been courtordered to the only juvenile detention facility in a large city, the capital of a region in northern Russia, a catchment area with a population of 1.5 million. The region is ethnically homogeneous, with approximately 98% of the population of Russian ancestry, which reduces the risk of genomic population stratification. Most participants had multiple convictions, with imprisonment at the time of the study being for theft (large-scale theft, car theft: 73.3%), violent crimes (assault or robbery: 22.7%), rape or other forms of sexual violence (1.7%), and murder (2.3%). The majority (72.3%) of the incarcerated youth had been arrested more than once (two times: 57.8%, three times: 13.3%, and four times: 1.2%). The mean length of sentence was 4.3 years. At the time of the data collection, all participants had been incarcerated for at least 6 months.
Two matched control groups were used in the study. In the further analyses, these groups were used in combination and separately, depending on the objectives of the particular analyses.
The first control group (182 male Russian adolescents, M 5 16.2 years, SD 5 1.5) was recruited from randomly selected public schools. In these schools, teachers were asked to generate a list of male students who exhibited no noticeable problems with school discipline. Youths from those lists were then matched to the offender group on age and socioeconomic status. According to self-reports and school records for these 182 participants, none of the individuals in the control group had any criminal record at the time of the study.
The second control group of participants (60 male Russian adolescents, M 5 16.1 years, SD 5 0.9) was also recruited from randomly selected public schools. Contrary to the first control group, teachers were asked to generate a list of male students who exhibited problems with school discipline. Youths from those lists were then matched to the offender group on age and socioeconomic status. According to self-reports and school records for these 60 participants, none of the individuals in this control group had any criminal record at the time of the study. This group constitutes a rigorous control for the offenders because school discipline problems are likely to represent aspects of conduct problems, however, at a lower level than for those diagnosed with CD. The offenders and controls in this sample are thus closely matched and should differ primarily in the extremity of their conduct problems.
Procedure
In all three samples, participants were recruited after obtaining proper consent from their parents or guardians at the time of the study. Incarcerated youths were recruited through the detention facility. Youth in the control groups were recruited through their schools. All participants gave their consent after being given a detailed description of the study and informed of the voluntary and confidential nature of their involvement. The study-wide refusal rate was $2%. The appropriate ethics committees in Russia, Sweden, and the United States approved the study.
For the delinquent sample and the sample of boys with reported behavior problems (control group 2), two nurses obtained blood samples from participants. In Dr. Oreland's laboratory, DNA was extracted from samples collected via 5 mL vacutainer tubes containing ethylenediaminetetraacetic acid. An aliquot of DNA was sent to Dr. Grigorenko's laboratory, where it was subsequently amplified with Repli-G or Genomiphi technologies. In the sample of boys reported as free of behavior problems (control group 1), saliva specimens were collected by Dr. Grigorenko's research assistants. The specimens were transported to Dr. Grigorenko's laboratory where they were subsequently amplified with Repli-G or Genomiphi technologies. Because amplified DNA was genotyped in all cases, the quality of the DNA was homogeneous across the sample and there were no group/collection methodbased biases. Once a sufficient amount of DNA was available for each sample, 12 markers (all SNPs 3 ) were genotyped using the ABI TaqMan platform in Dr. Grigorenko's laboratory. All DNA samples were genotyped on the same machinery, using the same procedures and the same internal controls.
For all three study samples, behavior assessments were carried out individually by trained research staff after the donation of biospecimens. All staff members who administered the behavioral assessments were blind to the genetic data.
Behavioral Categorization
Three classification types were used in these analyses. First, we differentiated the participants into two groups of (1) incarcerated offenders, n 5 179 and (2) free individuals with no known criminal records at the time of the study, n 5 242. Second, we considered the (1) presence, n 5 141, vs.
(2) absence, n 5 254, of the diagnosis of CD across the participants in the incarcerated and the two control groups. Third, we considered the type of crime known to be committed by the incarcerated youth, differentiating (1) violent, n 5 69, and (2) nonviolent, n 5 105, crimes.
CD diagnoses were determined using the Schedule for Affective Disorders and Schizophrenia for SchoolAge Children (K-SADS-PL), a widely used, reliably validated, semi-structured psychiatric interview [Kaufman et al., 1997] , carried out by psychiatrists or psychologists who had received standard K-SADS training. K-SADS (full version or the specific CD section with the corresponding supplements when required) data were available for 174 4 offenders and 182 control participants from group 1, but for only 39 control participants from group 2 because of attrition 5 or refusal 6 to participate. Diagnoses were based exclusively on information collected from the participants. For the specific CD section, based on which diagnosis of CD was established, the internal consistency coefficient (Cronbach's a) was .89 for current and .92 for past subsections. Similar to the data from other countries where translations of the K-SADS have been used [Ghanizadeh et al., 2006; Kolaitis et al., 2003; Shanee et al., 1997] , these coefficients indicate appropriate internal consistency of K-SADS/CD section items in the Russian version of the instrument. Participants were placed in the CD group if they received DSM-IVdiagnoses for either current or past CD. Among the incarcerated youth, 130 individuals (74.7%) received this diagnosis. These rates are comparable to or higher than those presented in the literature on juvenile detainees in the United States [M 5 56.3%, median 5 58%, mode 5 98%, SD 5 28.8, range is 17-98, for published studies; Teplin et al., 2006] , but arguably our sample of incarcerated individuals might be characterized by higher rates of delinquent behaviors than the samples of detained/arrested (but not necessarily incarcerated) individuals, where the prevalence of CD is estimated at $38% [Abram et al., 2003; Teplin et al., 2002 Teplin et al., , 2006 . There were no individuals with the CD diagnosis in control group 1 and there were 11 (28.2%) individuals with the CD diagnosis in control group 2. For the combined control group, the frequency of the CD diagnosis was 5%, an estimate that approaches the population frequency of CD in the United States [Braun et al., 2008; Sakai et al., 2008 ]. Yet, although the resulting frequencies are comparable to those reported in the literature, it is important to note that the interviewers were not blind to the settings in which the K-SADS was administered (i.e., correctional facility vs. school). This difference in the frequencies of CD diagnosis was significant (j 5 .74, w 2 (2) 5 217.4, Po.001 for three-way comparison and j 5 .72, w 2 (2) 5 206.2, Po.001 for two-way comparison, when both control groups were merged into one group).
Based on the data from the official criminal register, we used the criminal code offenses under which each incarcerated youth was sentenced (including both current and past convictions), in order to subdivide the offender group into two different subgroups: (1) those who had committed at least one violent crime (39.8%) and (2) those who had never committed a violent crime (60.2%). Violent crimes included murder, premeditated harm to health, rape, sexual violence, robbery, brigandage, hooliganism under aggravating circumstances, and extortion. Nonviolent crimes included grand or petty theft, car theft, and forgery and counterfeiting. Of particular note is that neither conducted a violent crime nor imprisoned for a violent crime during the course of the study correlated with the number of arrests (1-4): j 5 .14, w 2 (3) 5 3.5, P 5 .317 and j 5 .09, w 2 (3) 5 1.4, P 5 .703. Similarly, there was no correlation between the type of crime and the presence/absence of the CD diagnosis (j 5 À.06, w 2 (1) 5 0.52, P 5 .471). Finally, to follow up on the earlier reported nonlinear interactive effects between genetic variants and environmental stressors during childhood that lead, perhaps, through disturbed dopamine activity in cortical and subcortical brain regions to higher aggression and conduct problems [Alia-Klein et al., 2008; Caspi et al., 2002; Kim-Cohen et al., 2006] , we collected data on self-reported negative experiences of parenting among the incarcerated individuals. Maternal rejection was assessed with the EMBU 4 Five individuals refused to provide any personal information about their behaviors and feelings. 5 Six individuals did not show up for assessments, although they did not actively refuse to participate; seven participants relocated and could not be found; two were expelled from school for behavior problems and could not be reached owing to court and police regulations; one was enlisted in the Russian Army; and one was deceased (reasons unknown). 6 Five individuals refused to provide any personal information about their behaviors and feelings.
(the Swedish acronym for Own Memories of Parental Rearing) [Perris et al., 1980] , a questionnaire assessing factors of parental rearing. Rejection is characterized by physical punishment, hostility, lack of respect for the child's point of view, and unjustified criticism in front of others. The short version of the EMBU [Arrindell et al., 1999] , with eight items in the maternal rejection scale to be answered on a four-point Likert scale, was used. The adequacy of the psychometric properties of this short version is well established in the literature [Arrindell et al., 2001 [Arrindell et al., , 2005 Arrindell and Engebretsen, 2000; Winefield et al., 1990 ]. Cronbach's a for the maternal rejection scale was .77. For the purpose of these analyses, and given the bimodality of the distribution of the maternal rejection scale, a categorical variable was created using the median split of the continuous variable.
Genetic Markers
The selection of genetic markers was driven by two main factors, specifically (1) the presence of literature supporting the association of a particular gene/genetic variant with externalizing behaviors or conduct problems and (2) the availability of genetic markers that had acceptable distributions of allele frequencies in the Russian population. The selection of the Single Nuclear Polymorphisms (SNPs) for this study was driven by the following considerations: (1) an SNP was mentioned in the literature as associated with aggression, violence, or criminality; (2) a set of selected SNPs adequately captured a gene of interest, sampling from different parts of the gene, or different linkage disequilibrium blocks; and (3) the minor allele frequency in a particular polymorphism was at least .20 (as per published data on Eastern Europeans or per other studies involving Russian samples, e.g., as specified in http://alfred.med.yale.edu/). Neither the list of possible utilizable markers nor the list of genes investigated in this research is exhaustive. Yet, to our knowledge, this is one of only a few efforts to investigate multiple markers and multiple genes simultaneously, within a single case-control study.
COMT gene: Four polymorphisms, rs737865 (intron 1), rs740603 (intron 1), rs4680 (Val 158 Met, exon 4), and rs165599 (3 0 near gene), were analyzed in this gene.
DbH gene: Three polymorphisms, rs1611115 (located in the promoter region, also known as the C-1021T polymorphism), rs739398 (located in intron 6), and rs129882 (located in 3 0 UTR), were genotyped in this gene.
MAOA gene: We genotyped three polymorphisms in the MAOA gene: rs3788862 (intron 1), rs909525 (intron3), and rs979605 (intron 12).
MAOB gene: Two polymorphisms in the MAOB gene were genotyped: rs1799836 (intron 2) and rs2283729 (intron 12). Table I presents the genes and SNPs used and the distribution of the allele frequencies 7 in the groups utilized in this study. For the genotypes, 8 there were no deviations from the Castle-Hardy-Weinberg Equilibrium (CHWE) Test for the SNPs in the COMT gene, and for two out of the three DbH SNPs, with an excess of homozygotes and a deficit of heterozygotes at the DbH SNP rs739398 (Po.02). The CHWE Test was not conducted for the MAO genes because there were only males in the study (both genes are located on the X chromosome, of which typical males have only one copy).
The amount of missing data for the 12 genotyped markers ranged from 0.7% (rs909525) for the most complete to 10.2% for the most incomplete marker (rs737865). On average, 4% of the genotypes could not be recovered after two repeated genotyping attempts (M 5 4.3%, mode 5 3.1%, median 5 3.1%, and SD 5 3.0). No samples failed genotyping consistently. The failure rate of 10% was observed only for a single marker, and was attributed to the quality of the probe and not to the quality of the DNA. For the analyses, missing data were imputed (see below).
Analytic Plan
The overall objective of these analyses was to investigate whether there are distinct combinations of the 12 genetic variants clustered in the four DA turnover-related genes that differentiate the behaviorally defined groups as explained above. To achieve this objective, two approaches were utilized. Specifically, we investigated using the dimensions for classification described above (1) combinations of genetic polymorphisms via the analyses of haplotype frequencies; and (2) possible combinations of genetic variants via the analyses of allele-allele and gene-gene interactions. In addition, in the group of incarcerated adolescents, we carried out a set of additional analyses, attempting to differentiate this group into adolescents who committed violent and nonviolent crimes based on their genetic-variant profile and the presence or absence of early adverse experiences.
Haplotype analysis was conducted with the HAPLO program [Hawley and Kidd, 1995] . This type of analysis permits a consideration of multiple genetic polymorphisms within (or across) genes, when these variants are considered simultaneously as a combined multiallelic factor. HAPLO provides a test of significant differences in estimated haplotype frequencies across groups, considering all haplotypes simultaneously. Significance tests are not provided for individual haplotypes; however, confidence intervals for individual haplotypes can be examined to detect which haplotypes show the most consistent differences between groups. The performance of the HAPLO program has been favorably reviewed [Zhang et al., 2001 ] as compared with the performance of other analogous software [HAPLO. STATS and PHASE; Avery et al., 2005] . Haplotype analyses have been widely used in the medical sciences [The International HapMap Consortium, 2003 ] and have found their way into psychological literature as well, but only to a limited extent [Grigorenko et al., 2007] .
The assessment of allelic interactions was carried out via Multifactor Dimensionality Reduction [MDR; Hahn et al., 2003; Moore, 2004; Ritchie et al., 2001] . Broadly speaking, MDR is a nonparametric and genetic model-free alternative to logistic regression developed to detect nonlinear interactions. Specifically, it is designed to identify, using data mining, combinations of multilocus genotypes associated with a particular group status. In other words, using information from multiple loci in the model, MDR identifies a single variable that summarizes the information from multiple genetic polymorphisms to maximize the differences between groups in the analyses. This identification is the outcome of evaluating all possible combinations of polymorphisms, such that the best is selected as the most likely generalizable model. When created, this new multiallelic variable is appraised for its potential to classify and predict group status by means of cross-validation and permutation testing using a naive Bayes classifier. Cross-validation divides the data into a training set and a testing set. For example, with ten-fold cross-validation, the data are split into ten equal parts and the model is trained on the nine data sets and tested on one. The P-values are reported indicating the quality of the model defined through the number of times the accuracy of classification exceeded 50%. The cross validation consistency (CVC) is presented defining the number of times out of 100 that MDR found the same best model. The tests of (1) accuracy, indicating the 
COMT ( proportion of cases classified correctly based on the model; (2) sensitivity, which is an indicator of the correctness of a positive classification; and (3) specificity, which is an indicator of the correctness of a negative classification, are shown to capture the quality of classification. Models effective in group differentiation are likely to generalize to independent datasets and are characterized by high CVC and accuracy, specificity, and sensitivity greater than .5. MDR is a relatively new approach, and the software, although it has been successfully applied [Andrew et al., 2006; Coutinho et al., 2007; Huang et al., 2007; Li et al., 2008; Ni et al., 2009; Park et al., 2007] , has not yet penetrated the psychological literature, although there have been analogous attempts to consider multiple configurations of various risk, even if not genetic, factors for theory [Magnusson, 1999] , for methodology [Lienert et al., 1990] , and for illustration [Eklund et al., 2005] . The issue of multiple comparisons was handled differently for the different types of analyses (see below). For the analyses of frequencies and the logistic regression analyses, Bonferroni adjustments were applied to observed P-values. For the analyses with MDR, correcting for multiple testing was performed through permutations by obtaining the probability distribution of the arithmetic mean of specificity and sensitivity, so that the probability of obtaining a given value as large or larger than observed in the original data can be assessed under the null hypothesis of there being no association between the trait and the genetic markers in the model.
RESULTS
The analyses are presented by the three dimensions on which dichotomous classifications were made. Specifically, we first compared incarcerated and nonincarcerated groups, then we compared groups with and without the CD diagnosis, and finally, we compared groups differentiated by the type of crime (violent vs. nonviolent).
Allele and Genotype Distribution Analyses
Using the allele frequency estimates presented in Table I , we compared the distribution of allele and genotype frequencies among the individuals when clustered in the groups described above. Although there were minor group differences in both allele and genotype frequencies, none of these differences survived correction for multiple comparisons.
Haplotype Distribution Analyses
These analyses were carried out for the four genes across the three sets of comparisons; correspondingly, the adjusted P-value was set at .0042 (.05/12).
COMT. The distribution of the COMT haplotypes varied between the incarcerated and control groups [likelihood ratio w 2 (14) 5 42.2, Po.001]. Although there were many slight differences in the common haplotype distributions, none appeared to be pronounced. Two rare haplotypes demonstrated clear differences between the two groups: GGAG (.095 in the incarcerated and .161 in the control groups) and AGAA (.009 in the incarcerated and .044 in the control groups). These patterns of results were similar if the incarcerated group was contrasted to either of the control groups [likelihood ratio w 2 (13) 5 41.8, Po.001 for control group 1 and likelihood ratio w 2 (14) 5 34.9, Po.005, for control group 2]. The same two haplotypes, GGAG and AGAA, showed most pronounced differences in frequencies between these two control groups and the incarcerated group. In addition, the distributions of the haplotypes differed among individuals with and without the CD diagnosis [likelihood ratio w 2 (13) 5 42.8, Po.001]. There were multiple subtle differences in the common haplotype distributions among the two groups and, notably, the two groups differed on the same frequencies of the same haplotypes as above, GGAG (.092 in the CD and .151 in the no-CD groups) and AGAA (0 in the CD and .044 in the no-CD groups). There were no differences in the distributions of the COMT haplotypes in the groups subdivided by type of crime.
DbH. The distributions of haplotypes differed in the incarcerated and control groups [likelihood ratio w 2 (7) 5 20.3, Po.005], with the most pronounced difference being in the frequencies of the TAT haplotype (.061 vs. .015 in the incarcerated vs. control group). These results were consistent when the two control groups were considered separately, although the magnitudes of the differences were smaller [likelihood ratio w 2 (7) 5 18.2, Po.050 and likelihood ratio w 2 (7) 5 16.4, Po.050, for groups 1 and 2, respectively]. Similarly, there were differences in the groups subdivided by the presence/absence of the CD diagnoses [likelihood ratio w 2 (7) 5 21.1, Po.005], with the same TAT haplotype being observed at noticeably different frequencies (.064 in the CD and .020 in the no-CD groups). However, there were no differences in haplotype frequency distributions among violent and nonviolent groups of incarcerated youth.
MAO (A and B). These two genes are adjacent to each other; all markers used in this article showed a strong level of linkage disequilibrium or the nonrandom association of alleles. For MAOA, the distribution of the haplotypes differed between the incarcerated and control groups [likelihood ratio w 2 (7) 5 40.2, Po.001], with the haplotype ATG never seen in the incarcerated group, but present at the frequency of 5% in the control group. Of note is that this difference was true only for control group 1 [likelihood ratio w 2 (7) 5 49.9, Po.001] but not control group 2. There were no differences in the haplotype distributions in the groups by the CD diagnosis or by the type of crime. These differences were substantiated primarily by rare haplotypes, but one haplotype, GTGCG, was especially interesting: it appeared among the incarcerated individuals at the frequency of .251 (vs. .130 in controls) in individuals with CD at the frequency of .252 (vs. .152 in no-CD individuals) and in violent offenders at the frequency of .300 (vs. .217 in nonviolent offenders).
In sum, the distributions of haplotype frequencies in many instances were not homogeneous across the three sets of classification, even when there were no statistically significant differences among these sets with respect to the distributions of allele and genotype frequencies and even after the adjustment of P-values for multiple comparisons. This finding is of interest by itself as well as for subsequent analyses and interpretations.
MDR Analyses
To evaluate the cumulative risk associated with genetic variation in more than one gene, we performed a series of analyses using the MDR software to investigate the classification patterns of various combinations of the 12 genotyped polymorphisms across the four genes of interest. MDR permits multiple models in analyses that are constrained by two parameters: the number of attributes (i.e., SNPs) and the number of combinations of attributes to be considered in a given model. Thus, the analyses can include all 12 polymorphisms or a specified number of polymorphisms; then, the most informative polymorphisms are chosen by the software. Similarly, the range of combinations of attributes (1, 2, 3, or more, all the way up to 12) can be specified to explore the size of the most informative combination of genetic polymorphisms. To guide our selection of these parameters, we completed the analyses of all polymorphisms (n 5 12), considering sets of attributes ranging from 1 to 12. The specifics of these analyses are presented in Table II . The resulting interaction dendograms are shown in Figure 1A -C. We present the resulting findings for the three classifications separately and interpret them in terms of the observed synergy (i.e., the degree to which the interaction between attributes provides more information than the sum of the individual attributes) and redundancy (i.e., the degree to which the interaction between attributes provides overlapping information rather than the sum of the individual attributes). Finally, to relate these analyses to more traditional analyses, we completed a set of logistic regressions for the most informative and parsimonious models identified by MDR, to obtain rough estimates of the explained variance (Nagelkerke R 2 ) in each of the groupings. Table II presents the MDR results for each number of SNPs evaluated for each classification (note that the violent-nonviolent classification also includes an indicator of maternal rejection). Figure 1A -C further clarifies the results presented in Table II. For the incarcerated vs. control groups, the best combination of indices of accuracy, sensitivity, and specificity was obtained for a 4-or 5-marker model. The 4-marker model (COMTrs737865 COMTrs165599 DbHrs1611115 DbHrs739398, Po.0001; Nagelkerke R 2 for the corresponding logistic regression model 5 .141) produced better COMTrs165599 DbHrs1611115 DbHrs739398 plus the 5th marker, MAOBrs2283729, Po.0001; Nagelkerke R 2 for the corresponding logistic regression model 5 .145) produced better specificity (i.e., higher accuracy in classifying true negatives). Although there are other informative models (see the 1-and 2-marker models), these two models generate the best classification outcome and provide clear evidence for the presence of nonlinear interactions between SNPs in the COMT, DbH, and MAOB genes, underscoring the importance of genetic variation within and between these genes for individual susceptibility to criminality. In other words, the results indicate that there are combinations of variants in these genes which, when considered together, magnify the probability of accurate classification. More information on the full model including all 12 markers is presented in Figure 1A . When all the markers are considered together, their capacity to provide information to classification schemes was differentiated further; as discussed above, the best classification outcomes are reached only with 4-5 markers. A number of observations are of interest. The strongest (high) synergy among individual markers was found between the two markers in the MAOB gene (as per model 2 in Table II ) and two out of three markers in the MAOA gene (rs909525 and rs3788862). Synergy, to a lesser degree, was also found in the highly synergistic combination of the COMT and DbH markers, once again stressing the importance of interactions between the markers in these two genes. Also of note is that none of the SNPs were identified as contributing redundant information. These results are in accordance with the findings from the haplotype analyses presented above. When SNPs are considered individually, one by one, they seem to not differentiate the classification groups (i.e., incarcerated vs. nonincarcerated) powerfully enough to survive correction for multiple tests. However, when combinations of markers are considered, statistically significant group differences emerge.
The same 4-marker model that featured in the analyses for the incarcerated vs. nonincarcerated classification emerged for the CD vs. no-CD diagnoses. Thus, with these analyses, we confirm the observation that a combination of genetic variants from COMT and DbH (in this particular case, a combination of COMTrs737865 COMTrs-165599 DbHrs1611115 DbHrs739398 variants, Po.0001; Nagelkerke R 2 for the corresponding logistic regression model 5 .158) appears to be an informative predictor of criminality as well as CD diagnosis. The inspection of Figure 1B , however, differentiates these analyses from the analyses under the incarcerated-nonincarcerated classification.
First, it appears that, for the CD-based classification, this collection of markers is quite redundant. Also, of interest is that there is a higher amount of synergy among markers within the COMT and DbH genes (rather than across markers in these genes, as seen from Fig. 1A ). Again, these findings concur with findings from the haplotype analyses, in which there were consistent differences reported among haplotype frequencies for CD vs. no-CD groups for the COMT, DbH, and MAOB genes. For the classification by nature of crime (violent vs. nonviolent) within the sample of incarcerated individuals, we added the index of presence/absence of maternal rejection to the set of 12 genetic markers. Only one model for the 13 analyzed attributes was significant and that was a 1-marker model involving COMTrs4680 (Po.05; Nagelkerke R 2 for the corresponding logistic regression model 5 .036). No other models achieved the level of significance and the required thresholds for accuracy, sensitivity, and specificity. This observation is concordant with the haplotype analyses, in which the violent-nonviolent crime classification did not yield a pattern of consistent group differences. Yet, when all attributes (the 12 SNPs and the indicator of maternal rejection) were considered simultaneously, a number of interesting results emerged. First, although no particular model reached the anticipated level of classification accuracy, there are nonlinear combinations of SNPs that are characterized by high synergism in classifying violent and nonviolent juvenile offenders (e.g., COMTrs740603 and DbHrs739398, and MAOArs979605 and MAOBrs2283729). This observation, once again, suggests that genetic variants in these genes might act as risk factors for violence, criminality, and delinquency. Second, it is of note that the indicator of maternal rejection joins the dendogram of genetic markers at the highest level. This suggests that the information captured by this indicator is different from that captured by the SNPs, but the degree of synergy in this information is not very high.
DISCUSSION
This work contributes to the growing body of findings, uncovering the complex underpinnings of the biological foundation of aggressive behavior and related serious conduct problems. The purpose of the analyses presented here was to investigate both linear and nonlinear combinations of variants in four genes, COMT, DbH, MAOA and MAOB, involved in the degradation of DA in the brain in the context of their associations with incarceration, CD, and type of crime. The findings indicate that, although no single genetic variant in any of the four genes differentiated individuals in the investigated groups, various linear combinations (i.e., haplotypes) and nonlinear combinations (i.e., interactions between variants within and across genes) of genetic variants resulted in informative and robust classifications for two of the three groupings. These combinations of genetic variants differentiated individuals in incarceration vs. nonincarcerated and CD vs. no-CD groups; no informative combinations were established consistently for the grouping by crime within the incarcerated individuals.
A number of observations can be drawn from the results presented here.
First, in conducting analyses of the genetic bases of complex human behaviors, it is important to acknowledge the complexity of genes as structures. Whereas some earlier research has tried to capture genes by single polymorphisms, this study, along with other studies [Beaver et al., 2007; Burt and Mikolajewski, 2008] , demonstrates that multiple measurements of genes, similar to what is used to represent complex latent variables, are necessary to fully reveal the connections between genetic variation and variation in human behavior. Specifically, in this analyses, selected functional polymorphisms known in the literature were considered (e.g., COMT Val 158 Met SNP and DbH -1021), but there were no significant differences in the allele frequencies at these sites across the groups on these functional polymorphisms, nor were they particularly informative in MDR analyses. However, when multiple markers were included in the analyses, differences in classifications began to emerge. These results highlight the critical importance of using multiple markers and their linear and nonlinear combinations in considering group differences. Specifically, haplotypes appear to be more informative in differentiating groups of interest, seem to result in a higher power of differentiation, and are less vulnerable to the adjustments of P-values because they require fewer comparisons. These findings underscore the importance of considering variation across a whole gene rather than at a particular polymorphism closely aligned with findings from medical genetics [Beretta et al., 2008; Francis et al., 2008] .
Second, based on the results from these analyses, it is apparent that, in addition to considering main effects of genes and interactive effects of genes and environments, it is important to consider the interactive effects of genetic variants, both within and across genes that have been identified as relevant to criminal behaviors and serious behavior problems. If the relationships between phenotypes and genotypes are expected to be nonlinear for most human diseases [Thornton-Wells et al., 2004] , it is even more the case for complex behavior traits, showing a huge dispersion in the general population. Given that humans have only $24,000 genes (substantially less than a grain of rice) and that their behaviors are immeasurable in number, it is likely that part of this complexity can be attributed to epistasis or gene-gene interactions [Moore, 2005] . As our knowledge of the genome and its functions grows rapidly, it is important to register such statistical interactions that eventually should bring the field to an enhanced understanding of the biologically intricate effects that are exerted by the genome on behavior in a highly indirect manner. There are informative analyses of gene networks and gene-gene interactions in studies of model organisms, such as yeast [Segre`et al., 2005] , and these analyses have important implications for gaining insight into the connection between the genome and behavior in humans. For example, the four genes analyzed here are all involved in the same pathway of DA metabolism and are known to interact (http:// string.embl.de/newstring_cgi/show_network_section. pl?identifier 5 414646&limit 5 10&network_depth 5 1&previous_network_size 5 11&additional_network_ nodes 5 10&use_java 5 no&UserId 5 DUY9gpwlYDb6 &sessionId 5 y1BlrvxEklkF&input_query_species 5 9606&network_flavor 5 evidence&internal_call 5 1).
Third, it is important to point out both the substantial overlap and at least partial differentiation of the results for the three types of grouping utilized in this study. With regard to the classification ''incarcerated-nonincarcerated'' and ''CD vs. no-CD,'' it appears that the same combination of SNPs is really informative, at least, for most cases. The four ''featured'' SNPs (COMTrs737865, COMTrs165599, DbHrs1611115, and DbHrs-739398) are quite well studied. The COMTSNPs rs737865 and rs165599 are of interest because, with Val 158 Met, they form a haplotype that has been associated with schizophrenia [Shifman et al., 2002] and bipolar disorder [Shifman et al., 2004] . The rs737865 SNP appears in the first intron of COMT and the rs165599 SNP appears downstream of the gene. Importantly, like Val158Met, rs165599 is transcribed in the human brain and has been shown to affect gene expression [Bray et al., 2003] . The rs737865 SNP is not transcribed but may be associated with functional outcomes, because it is in linkage disequilibrium with an SNP in the nearby P2 promoter region of the gene that influences COMT activity [Meyer-Lindenberg et al., 2006] . Similarly, one of the two DbH SNPs is also of great interest in the context of understanding the etiology of serious behavior problems. Specifically, there is literature associating variation at rs1611115 with disruptive behavior [Zhang et al., 2005] and impulsivity [Hess et al., 2009] , although this literature is not undisputed. This SNP accounts for $35-52% of the total variance of DbH plasma activity [Zabetian et al., 2001] ; the variation in plasma activity has also been associated with CD [Rogeness et al., 1982] and antisocial behavior [Gabel et al., 1995] , but once again these findings are not unequivocal [Kuperman et al., 1988] . Thus, the findings presented here fit into the growing literature on the genetic variation associated with serious conduct problems. What is particularly reassuring about these findings is that there is consistency across different ways of defining these problems phenotypically, across multiple polymorphisms within the same gene, and across multiple statistical methodologies. It is, however, important to note that with the exception of the rs1611115 (C-1021T) polymorphism in the DbH gene and the rs4680 (Val 158 Met) polymorphism in the COMT gene, the majority of the genetic variants used in this study have unknown functional properties. Thus, it is difficult to make inferential conclusions about functional interpretations of the statistical associations reported here. It is also important to notice that when all SNPs used in this study are considered together, there is a substantial amount of differentiation between the group results. In presenting and discussing their findings, Rhee and Waldman [2002] made a number of remarks, interpreting their results as general observations and stating that there are many fine details to be sorted out, such as possible differential genetic and environmental variance components for specific operationalizations (CD vs. aggression, criminality vs. delinquency), specific types of aggression (overt vs. covert), and different onsets (i.e., early vs. late onset of conduct problems). Our data support these general observations indicating the importance of differentiating different groups of adolescents with serious conduct problems (those from the community sample with the diagnosis of CD and those from the incarcerated sample with the same diagnosis). It is possible that some genetic analyses similar to those presented here will assist in developing such subgrouping.
Fourth, it appears to be important to continue investigating shared and unique contributions of dopaminergic genes to a variety of complex behaviors. It is commonly assumed that common and specific genetic and environmental factors influence conduct problems themselves, as well as comorbid conditions and traits [Coolidge et al., 2000; Stevenson et al., 2005; Trzesniewski et al., 2006] . Thus, a number of dopaminergic genes (e.g., DRD4, COMT, DAT1) have been associated with ADHD, whereas other genes of importance for DA functioning (e.g., MAOA, MAOB, DbH) have been associated with aggression and crime. The question of the specificity and nonspecificity of these genes' contributions to various aspects of serious conduct problems needs to be carefully investigated, as has been mentioned in the literature [Moffitt et al., 2008] .
It is also important to mention that our results did not provide support for the importance of the factor of self-reported retrospective maternal rejection. Although this finding fits with the current concern regarding both the replicability and the magnitude of earlier findings concerning interactions between specific genetic risk factors and environmental stressors [Flint and Munafo`, 2008; Risch et al., 2009] , we readily acknowledge the weak nature of the indicator of maternal rejection used in this study. We also acknowledge the importance of including in the analyses combinations genetic and nongenetic risk factors for aggression and violence such indicators as peer influence [Ferguson et al., 2009 ]. Yet, it is important to recognize that the population of juvenile delinquents is difficult to work with, both in engaging these adolescents and their peers as well as their families. Quality measures of rearing environments and socialization indicators might be difficult to obtain for delinquent adolescents. It is clear that aggression and violence are outcomes of complex combinations of genetic and nongenetic risk factors, but it appears that the only way of understanding this complexity is in the identification and quantification of these risk factors.
This study is characterized by a number of strengths and weaknesses. One of the strengths of this study is that its participants were carefully recruited from a single homogeneous ethnic background, representing what appears to be a genetically homogeneous group. This observation is reflected by the lack of differences in allele frequencies. This feature of the study protects the results from the biasing impact of ethnic stratification that is often characteristic of case-control samples. Another strength is the study's consideration of multiple genetic markers across multiple genes involved in the metabolic processes of the dopaminergic system. Yet, this work has a number of weaknesses. Specifically, it could be informed by data generated from larger samples. In fact, at this point it is difficult to say whether the lack of statistically significant findings from the classification analyses based on the type of crime can be attributed to the true absence of effects or to the lack of power in these analyses. In addition, the genetic homogeneity of this sample, which could be considered a strength for the accuracy of the results and the controlling of Type I error, could also be viewed as a weakness with respect to the generalizability of these findings to other samples, recruited from ethnic Russians living in a different area of the country or from different populations. Moreover, it is important to point out, once again, that only one type of informant, the youth themselves, was used as the source of information for their diagnoses of CD and for reports on their early experiences. Clearly, these reports might be biased and the results need to be substantiated by information from different sources. It is also of concern that the study unfolded over a significant amount of time and, as a result, the most unstable sample in this work, the sample of nonincarcerated yet conduct-troubled youth, experienced a high level of attrition. Finally, the results point to the importance of the genetic variation in all four genes studied here for understanding the biological bases of serious behavior problems, but they only provide a general insight into this importance. The analyses of multi-way contingency tables that are used by MDR, although highly sensitive to the presence of statistical interactions, make the allele-specific interpretation of these interactions rather difficult. In sum, although these results represent findings that are of interest and importance to the field, both in their substance and the means of their analyses, they are in need of replication and further exploration.
In conclusion, this study offers evidence for examining multiple genetic markers while capturing genes of relevance to the etiology of complex behaviors, such as serious conduct problems, simultaneously. Specifically, here we demonstrate the importance of the structural genetic variation in the enzymes affecting DA turnover to the etiology of such behaviors. Of note is that it is not a particular gene or a particular variant in a single gene that matters. The highest rates of success were for predictions associated with a combination of variants across two (COMT and DbH), three (COMT, DbH, and MAOB), or all four (COMT, DbH, MAOA and MAOB) of the studied genes. We hope that these results inform and trigger future research on the genetic contribution to serious conduct problems. 
